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ABSTRACT: Due to the fact that pigments are not ubiquitous in the archaeological record, the application of non-invasive analyti-
cal methods is a necessity. In this work, pink and purple lake pigments recovered from the excavations of the ancient city of Pom-
peii (Campania, Italy) and preserved in their original bowls at the Naples National Archaeological Museum (Italy) were analyzed to 
characterize the composition of their inorganic binders (mordants). In-situ preliminary analyses using a handheld Energy Dispersive 
X-ray Fluorescence spectrometer (HH-ED-XRF) allowed us to determine the use of an aluminosilicate enriched in Cu and Pb. 
Scanning Electron Microscopy coupled to Energy Dispersive X-ray Spectrometry (SEM-EDS) and benchtop ED-XRF analyses 
confirmed these results, while Inductively Coupled Plasma Mass Spectrometry (ICP-MS) allowed to determine the concentration of 
major, minor and trace elements. The use of other techniques such as X-ray Diffraction (XRD), and micro-Raman and infrared 
spectroscopies allowed to characterize the pigments at molecular level. The high concentration of Cu detected in the pigments 
(1228-12937 µg·g-1) could be related to the addition of Cu salts to obtain the desired final hue. The concentrations of Pb (987-2083 
µg·g-1) was also remarkable. Lead isotopic ratio analysis (206Pb/207Pb) suggested a possible origin related to the leaching of the 
ancient lead pipes from Pompeii and the subsequent transfer to the buried pigments or to the inorganic binder. Molecular analysis 
also showed that the binder is composed of an allophane-like clay. Moreover, it was possible to determine that to obtain the final 
purple hue of a specific pigment, Pompeian blue pigment was also mixed to the dyed clay.  
INTRODUCTION 
One of the key questions in the study of ancient pigments is 
the identification of paint recipes, which may give useful 
information about the material knowledge of a culture and 
helps in the identification of trading routes.1,2 The use of pig-
ments to give color to artworks, textiles or cosmetics is well 
known since the prehistory. Pigments are inorganic or organic 
dry color powders, while lake pigments are made by precipi-
tating an organic dye upon an usually insoluble mordant or 
binder, which is an inorganic material such as a silicate or an 
aluminate.3 In ancient times chalk, white clays and crushed 
bones were used as mordants.3 In the last case, for the manu-
facture of the lake pigments, Roman people used to take the 
clays directly from the ground and to dye them with an organ-
ic colorant (e.g. madder lake, Tyrian Purple, etc)4 to obtain the 
desired color. Most of the lake pigments manufactured during 
the Roman period were colored on red, pink and purple 
shades. These lake pigments were used in wall paintings, 
textiles,5 cosmetics, codices,6 and ceramics,7 among others. 
 The archaeological site of Pompeii is one of the most im-
pressive remains of the Roman period. In the literature, many 
are the works dealing with the study of inorganic pigments 
used in the ancient wall paintings from this archaeological 
site.8-11 Nevertheless, few works can be found about the char-
acterization of pink or purple lake pigments used in its ancient 
paintings.7,12,13 Considering its high historical and artistic 
value, and due to the fact that this kind of pigments are ex-
tremely rare, the application of non-invasive analytical meth-
ods is a necessity. Therefore, the best strategy would be the 
application of portable/handheld instrumentation, to obtain 
results in-situ (in the museum or in a storage room, for exam-
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ple) 14,15 without the necessity of taking any sample. Nowa-
days, with the technological development, the size and weight 
of portable/handheld instruments has been reduced considera-
bly, and a wide variety of mobile instruments can be found in 
the market. Despite the fact that the sensitivity and resolution 
of this new generation of portable instruments has been im-
proved, in some cases, it is necessary to take or extract a (mi-
cro) sample to confirm and/or extend the results obtained in-
situ. Regarding the portable instruments, the best option is to 
select analytical techniques that do not affect the integrity of 
the materials under study. In this sense, different spectroscopic 
techniques can be mentioned. For the elemental analysis, 
handheld/portable energy dispersive X-ray spectrometers 
(HH-ED-XRF) and portable laser induced breakdown spec-
trometers (LIBS) are the most used ones.16-19 For the molecu-
lar characterization, portable Raman, infrared, X-ray diffrac-
tion (XRD) and UV-Visible-NIR spectrometers are good 
options to determine the mineralogical composition of the 
pigments under study.17-19 
In this work an analytical methodology based on the com-
bined use of elemental and molecular non-invasive techniques 
was applied to perform an unequivocal characterization of the 
composition of the inorganic binder or mordant used to manu-
facture Pompeian pink and purple lake pigments. For the ele-
mental characterization, an in-situ preliminary screening of the 
pigments was conducted using a HH-ED-XRF. Further anal-
yses in the laboratory were carried out using a benchtop ED-
XRF spectrometer and a Scanning Electron Microscope cou-
pled to an Energy Dispersive X-ray Fluorescence spectrometer 
(SEM-EDS). In order to determine the concentration of major, 
minor and trace elements of these lake pigments, Inductively 
Coupled Plasma Mass Spectrometry analysis (ICP-MS) pre-
ceded by an acid extraction of the raw lake pigments was 
carried out. The molecular characterization was done using 
XRD, Raman, and infrared spectroscopies (in FTIR and ATR 
modes). Apart from the quantification of the elements present 
in the inorganic matrix of the lake pigments, lead isotopic ratio 
analysis was also performed.  
EXPERIMENTAL SECTION 
Samples. Two pink lake pigments (ref. numbers 117323 
and 117342) and one purple lake pigment (ref. number 
117365) from the “Museo Archeologico Nazionale di Napoli”, 
MANN (National Archeological Museum, Naples, Italy) were 
considered in this work. These lake pigments were recovered 
from the archaeological excavation of Pompeii and stored in 
their original bowls at the museum (see Figure S-1).  
In-Situ Analytical Campaign. Before the sampling of the 
archaeological lake pigments, we were allowed to perform a 
quick elemental in-situ screening analysis of the two pink lake 
pigments in the MANN using a HH-ED-XRF spectrometer. 
For that purpose, an Innov-X Alpha Series (Innov-X Systems 
Inc., woburn, MA, USA) HH-ED-XRF spectrometer, which 
employs a miniature, low power Ag X-ray tube as a source for 
sample excitation was used. The description of the instrument 
and the conditions used for the spectral acquisitions are de-
scribed elsewhere.20 The analyses were performed directly 
introducing the sampling interface in the original bowls con-
taining the lake pigments. Ten repetitive measurements were 
performed in order to obtain representative results. To prevent 
the contamination of the sampling interface, a Mylar film was 
placed on the top of the lake pigments surface. 
Although this instrument is only capable to register the 
spectra for the elements with an atomic number higher than 18 
(heavy elements), it is able to determine the presence of ele-
ments with a lower atomic number (light elements) by giving 
their corresponding semi-quantitative values on the basis of 
Fundamental Parameter methods. It should be noted that ele-
mental quantification in these kinds of samples is not straight-
forward, and the quantification data given by the instrument 
should be handled with care, because the sampling volume is 
not precisely determined. Additionally, matrix effects can 
hamper the quantification procedure. Therefore, in this work, 
the semi-quantitative values from the light and heavy elements 
were not considered. Instead, the net areas of K-alpha lines of 
each detected element in the spectrum normalized against the 
K-alpha line of the element composing the tube (Ag in this 
case) were used. Considering the interference of As and Pb at 
10.5 keV (K-alpha of As and L-alpha of Pb), for these ele-
ments the areas of K-beta and L-beta lines respectively were 
normalized. 
Sampling After In-Situ Measurements. The sampling 
procedure was carried out taking small quantities of powder 
from the upper, middle and lower parts of each bowl when the 
lake pigment was in powder form (samples 117342 and 
117365), and taking three small pigment fragments in the case 
of sample 117323. All the samples were preserved in glass 
containers until their analysis. 
Analytical Methodology in the Laboratory. For the ele-
mental analysis of the lake pigments in the laboratory, the M4 
Tornado (Bruker Nano GmbH, Berlin, Germany) ED-XRF 
was used. Ten repetitive punctual measurements of each lake 
pigments were performed with a lateral resolution of 1 mm in 
order to obtain XRF spectra that represent the elemental com-
position of the whole sample. In this instrument the X-ray Rh 
anode tube operates at up to 50 kV with a maximum current of 
700 µA, which were the conditions considered for the spectra 
acquisition. The live time used for each punctual measurement 
was 300 seconds. Although the software implements the M-
Quant quantification software package based on the use of 
Fundamental Parameters quantification methods, as in the HH-
ED-XRF measurements, instead of using the semi-quantitative 
information given by the software, the net counts of K-alpha 
lines of each detected element in the spectrum normalized 
against the net counts of K-alpha line of the Rh from the tube 
were used to extract conclusions. The possible interferences 
on the K-alpha line of each element were removed thanks to a 
previous deconvolution process of the XRF lines. Additional 
information related with the instrument can be checked else-
where. 21  
In order to improve the detection of the elements with an 
atomic number lower than 13, SEM-EDS analyses were also 
performed using a X-Max energy dispersive X-ray spectrome-
ter (Oxford Instruments, Abingdon, Oxfordshire, UK) coupled 
to an EVO®40 Scanning Electron Microscope (Carl Zeiss NTS 
GmbH, Germany). The elemental analysis was carried out 
using 8.5 mm working distance, a 35o take-off angle and an 
acceleration voltage of 30 kV. An integration time of 50 s was 
employed to improve the signal-to-noise ratio of EDS spectra. 
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The spectral data treatment was carried out using the INCA 
software (Oxford Instruments, Abingdon, Oxfordshire, UK). 
Although this software is able to offer a semi-quantitative 
approach of the elements present in the sample under study, 
once more, we decided to take into account the K-alpha net 
areas of each detected element. 
For the quantification of elements present in the lake pig-
ments, ICP-MS was used. Prior to this analysis, the samples 
were dried until constant weight using an oven and lately 
manually homogenized using an agate mortar in order to en-
sure the representativeness of the quantitative results.  After 
that, an acid extraction of the three pigments was conducted. 
Considering the few amount of sample available an isolated 
extraction of each lake pigment was carried out using 10 mil-
ligrams. Each pigment mass was mixed with 10 mL of 10% 
HCl and the mixture was heated up to 60ºC under continuous 
stirring. The resultant acid extracts were analyzed by ICP-MS 
(NexION 300, Perkin Elmer, Massachusetts, USA). Additional 
information related with the technique and analytical method-
ology can be reviewed elsewhere.21 In the isotopic analysis, 
dead time and mass discrimination corrections had to be per-
formed in order to obtain accurate lead isotope ratios. The 
procedure and equations to be applied can be found else-
where.22 Linear model was used for the calculation of the mass 
bias factor using 203Tl/205Tl ratio from a 10 ng g-1 Tl solution 
continuously added and mixed with the sample via a T piece. 
ICP-MS experimental conditions are shown in Table S-1 and 
S-2. 
For the molecular characterization of the lake pigments 
XRD, Raman and infrared spectroscopies were used. The 
XRD analyses were performed using a PANalytical Xpert 
PRO powder diffractometer equipped with a copper tube 
(λCuKαmedia = 1.5418 Å, λCuKα1 = 1.54060 Å, λCuKα2 = 1.54439 
Å), a vertical goniometer (Bragg–Brentano geometry), a pro-
grammable divergence aperture, an automatic interchange of 
samples, a secondary graphite monochromator, and a PixCel 
detector. Additional information related with the instrument, 
measurement conditions and spectral assignation can be re-
viewed elsewhere.23
For the micro-Raman analyses, the inVia Renishaw confo-
cal Raman microspectrometer (Renishaw, Gloucestershire, 
UK) coupled to a DMLM Leica microscope with 5×, 20×, 
50×, and 100× long working distance lenses was used. For the 
analysis of the pink and purple lake pigments, two excitation 
lasers, 785 (nominal laser power 350 mW) and 514 nm (nomi-
nal laser power 350 mW and 50 mW), were used. The spec-
trometer was daily calibrated by using the 520 cm−1 Raman 
band of a silicon chip. Lasers were set at low power (not more 
than 1 mW at the sample) in order to avoid sample decomposi-
tion. Data acquisition was carried out using the Wire 3.2 soft-
ware package (Renishaw). Spectra were acquired between 100 
and 3200 cm−1 during 5-15 s and several scans (between 1-5) 
were accumulated for each spectrum in order to improve the 
signal-to-noise ratio.  
The Infrared spectra of the lake pigment were acquired 
through a Jasco 6300 FTIR spectrophotometer. The equipment 
has a Michelson interferometer at a maximum resolution of 
0.07 cm-1 and a Ge/KBr beam splitter with a DLATGS detec-
tor with Peltier temperature control. The IR measurements 
were performed in FTIR and in ATR mode. To acquire the 
spectra in FTIR mode, a pellet was prepared from each lake 
pigment using KBr. For FTIR measurements 32 scans per 
spectrum were accumulated at a resolution of 4 cm-1 in the 
mid-infrared spectral range (4000-400 cm-1). The ATR spectra 
were collected directly pressing each lake pigment on a ZnSe 
crystal from a MIRacleTM Single Reflection ATR unit (PIKE 
Technologies, Fichburg, USA). The spectra were also collect-
ed in the mid-infrared region (4000-750 cm-1) recording 32 
scans per spectrum at a spectral resolution of 4 cm-1. 
The obtained Raman and infrared spectra were treated using 
the Omnic V.7.2 (Nicolet) software. The spectral interpreta-
tion was performed by comparison with spectra of pure stand-
ards registered in e-VISNICH 24, e-VISARCH and e-VISART 
databases,25 as well as using Raman spectra contained in the 
on line free access RRUFF database.26 
RESULTS AND DISCUSSION 
In-Situ HH-ED-XRF analyses. In-situ measurements of 
samples 117323 and 117342 showed almost the same spectral 
information. In Figure 1 a representative spectrum obtained 
from the two Pompeian pink lake pigments can be observed.  
In both pink lake pigments the same elements were identi-
fied (see Figure 1). However, in the pink lake pigment 117323 
Zn was detected. In order to determine other possible slight 
differences between both pigments, the spectral information 
was carefully evaluated. The normalized areas of all the de-
tected elements on each pink lake pigment are displayed in 
Table S-3 (see Supporting Information). Taking into consider-
ation these data together with the related standard deviation, 
the normalized areas values of K, Ca, Mn, Fe, Ni, As, Pb, Sr 
and Rb are quite similar in both samples. On the contrary, the 
normalized areas for Cu are significantly higher in the pink 
lake pigment 117342 than in the 117323 one, suggesting a 
considerably high concentration of both elements in this Pom-
peian lake pigment. This observation will be confirmed by 
further non-invasive (qualitative) and destructive (quantita-
tive) analyses in the laboratory. 
Figure 1. XRF spectra of Pompeian pink lake pigments 117323 
(in red) and 117342 (in blue) obtained by using the HH-ED-XRF 
spectrometer at the MANN. 
Microscopic observations of the lake pigments. Prior to 
the elemental and molecular analysis of the lake pigments, 
microscopic observations were conducted in order to observe 
their main features. In Figure 2, different microphotographs of 
the studied pigments can be observed. The microscopic ap-
pearance of the two pink lake pigments is very similar. On the 
contrary, the purple lake pigment 117365 is made up of a 
mixture of pink and blue pigment grains (see Figure 2 G-I). 
Therefore, a selective measurement of the two types of pig-
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ment should be performed in order to determine their nature 
separately. 
Figure 2. Microphotographs of the Pompeian pink lake pig-
ment 117323 (A-C), 117342 (D-F) and the purple lake pigment 
117365 (G-I). 
Laboratory non-invasive X-ray-based analytical tech-
niques for the elemental characterization of the samples. In 
order to confirm the in-situ elemental results, additional labor-
atory ED-XRF analyses were performed. The obtained results 
are shown in Table 1. Mn and Sr normalized net counts are 
quite similar for both pink lake pigments, while Ca, Fe, Ni and 
As normalized net counts are higher in sample 117323. Com-
paring the normalized net counts of all the elements in the lake 
pigments, the highest values belong to the pink lake pigment 
117323, except for Fe, Pb and Cu. Fe value is higher in the 
purple lake pigment 117365, Pb values are considerably 
higher in the pink lake pigment 117342, and Cu values are 
higher in the other two samples. The highest normalized net 
counts value for Cu is recorded in the purple lake pigment 
117365, what suggests that the blue pigment grains composing 
the purple lake pigment could be related with the use of Pom-
peian blue (a tretrasilicate of calcium and copper -CaCuSi4O10- 
also known as cuprorivaite). These observations are consistent 
with the results obtained through the in-situ ED-XRF meas-
urements.  
Table 1. Normalized net counts for each element detected in 
the Pompeian pink (117323 and 117342) and purple (117365) 
lake pigments using the benchtop ED-XRF spectrometer. 
Elements 117323 117342 117365 
Al 0.13 ± 0.01 0.162 ± 0.003 0.106 ± 0.002 
Si 0.17 ± 0.01 0.21 ± 0.01 0.31 ± 0.01 
P 0.0031 ± 0.0004 0.05 ± 0.07  N.D 
K 0.088 ± 0.003  0.06 ± 0.01 0.076 ± 0.003 
Ca 0.8 ± 0.1 0.42 ± 0.04 0.58 ± 0.03 
Ti 0.013 ± 0.003 0.007 ± 0.002 0.009 ± 0.001 
Cr 0.002 ± 0.001 N.D 0.002 ± 0.001 
Mn 0.008 ± 0.004 0.006 ± 0.001 0.0225 ± 0.0002 
Fe 0.4 ± 0.1 0.25 ± 0.02  0.51 ± 0.03 
Ni 0.007 ± 0.001 0.003 ± 0.002 N.D 
Cu 0.05 ± 0.01 4.3 ± 2.1 10.6 ± 1.2 
Zn 0.018 ± 0.003 N.D 0.015 ± 0.004 
As 0.45 ± 0.02 0.18 ± 0.04 0.11 ± 0.02 
Pb 0.25 ± 0.03 1.6 ± 0.1 0.03 ± 0.01 
Sr 0.066 ± 0.004 0.05 ± 0.01 0.021 ± 0.002 
N.D: Non-detected 
It was also possible to detect additional heavy elements, 
such as Ti and Cr. In this case, their normalized net counts 
values are more or less similar in all the lake pigments, even if 
in the pink lake pigment 117342 Cr was under the limit of 
detection. The obtained similar values suggest that they can be 
original elements present in the inorganic binders used to 
create these pigments. 
Regarding the elements with an atomic number lower than 
13, Al, Si and P were also detected. The presence of Al and Si 
could suggest that the inorganic binder used to manufacture 
this three Pompeian lake pigments could be an aluminosili-
cate. The ratio of normalized net counts of Si vs. Al is coinci-
dent in the two pink lake pigments (ratio Si/Al=1.3) and it is 
higher for the purple lake pigment (ratio Si/Al=2.9). 
In order to confirm a possible heterogeneity in the composi-
tion of the lake pigments at a microscopic scale and the pres-
ence of light elements, SEM-EDS analyses were conducted. 
Taking into account that the EDS spectrometer performs ele-
mental analyses at a microscopic scale, selective measure-
ments were conducted on the blue and pink grains of the pur-
ple lake pigment. In Figure 3, the average net area of each 
element obtained from ten repetitive measurements performed 
on each lake pigment is shown. As it can be observed, addi-
tional elements with an atomic number lower or equal than 12, 
such as C, O, F, Na, and Mg can be detected with the EDS. 
Taking into account that ancient Roman town of Pompeii is 
located very close to the Bay of Naples and, therefore, near to 
the sea, the presence of F, Na and Mg could be attributed to 
the influence of the marine aerosol.23,27-29 This sea salt aerosol 
usually contains Mg (mainly in the form of sulfates), Na (pre-
dominantly as chlorides) and F. Moreover, Mg could also be 
present in the original composition of the inorganic binder 
used in the manufacture of the lake pigments. The possible 
presence of these elements in the volcanic material and the soil 
covering the raw lake pigments bowls cannot be rejected ei-
ther.  
It is also remarkable that with the EDS measurements it was 
possible to detect the presence of S in all of the lake pigments, 
whereas Cl was only detected in some isolated replicate meas-
urements of the pink lake pigment 117323. That is the reason 
why we did not include this information in the average values 
shown in Figure 3. The presence of S in the pigments could be 
due to the influence of volcanic material deposition on the raw 
lake pigments bowls. A lower contribution could also come 
from the sea salt aerosol. However, neither S nor Cl were 
detected by ED-XRF due to their higher limit of detection with 
this instrumentation. In addition, it is logical that Cl was not 
detected, since the Rh L-lines coming from the anode of the 
X-ray tube interfere in the detection of the Cl K-lines, and the 
expected chloride concentration in the lake pigments was very 
low. 
On the contrary, EDS technique did not allow the detection 
of some heavier elements such as Pb, Ti, Cr, Mn, Ni, Zn and 
Sr which, in contrast, were easily detected by means of ED-
XRF measurements. It is especially remarkable that, although 
Pb is widely present in the lake pigments, EDS was not able to 
detect its presence. In previous works reported in the litera-
ture,10  EDS technique was not able either to detect the pres-
ence of heavier elements (including Pb) in Pompeian purple 
lake pigments.  
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As far as the purple lake pigment 117365 is concerned, the 
isolated measurement of the blue crystals revealed a complete-
ly different composition showing the presence of C, O, Na, Al, 
Si, Ca and Cu. The areas of C, O and Al K-lines are lower 
than in the pink lake pigments measurements. On the contrary, 
the areas of Si, Ca and Cu K-lines are considerably higher in 
blue grains of 117365 than in the pink lake pigments. This 
result supports the hypothesis of the use of the Pompeian blue 
pigment.  
Figure 3. Average of net areas and their relative standard devia-
tions for each element detected on the Pompeian lake pigments by 
means of EDS. 
Major, minor and trace elements quantification and iso-
topic ratio analysis. ICP-MS analysis of the acid extracts of 
the samples was done in order to quantify the major, minor 
and trace elements present in the lake pigments. As can be 
observed in Table 2, Al, Si and Ca are the major elements in 
the inorganic matrix from the lake pigment, as it was observed 
with the previously used non-invasive techniques. The ICP-
MS results agree with those obtained with the HH-ED-XRF 
and ED-XRF measurements in the laboratory, since K, Ca, Fe, 
Ni, Zn and As concentrations are higher in the pink lake pig-
ment 117323 than in the 117342. Moreover, the concentration 
of Fe quantified by ICP-MS agrees with the tendency ob-
served with ED-XRF (both in-situ and laboratory) and EDS 
analyses since it is higher in the pink lake pigment 117323 
than in the purple lake pigment 117365. However, the net 
areas of K, Ca and As K-alpha lines are higher in the pink lake 
pigment 117342 than in the 117323. This observation suggests 
that special care must be taken in order to extract definitive 
and comparative conclusions using only the spectral infor-
mation coming from EDS measurements. 
The concentration of metals such as Ba, Na, Mg, Li, Mo, 
Ag, Sn, Hg, Ti, Co, Cd, V and Cr detected by means of ICP-
MS, which were under the limit of detection of ED-XRF and 
EDS techniques, is higher in the pink lake pigment 117323 
than in the 117342 one. It is also confirmed by all the used 
techniques that among the pink lake pigments, the sample 
117342 presents the highest concentration of Cu and Pb (alt-
hough Pb was not detect by means of EDS). 
Regarding Cu, the pink lake pigment 117342 presents the 
highest concentration, followed by the purple lake pigment 
117365. This seems in contradiction to what it has been ob-
served by means of ED-XRF and EDS analyses. As the blue 
pigment grains (probably Pompeian blue) of 117365 purple 
lake pigment were not solubilized using the applied acid ex-
traction procedure -since they are mainly composed by a sili-
cate- it must be assumed that in the acid extract, Pompeian 
blue contribution was little or non-existent. The noticeable 
concentration of Cu in the pink lake pigments could be due to 
an intentionally addition of this element. It is well referenced 
that since Roman times, copper salts (in form of oxides or 
sulfates) were added to the inorganic binder from lake pig-
ments to obtain the desired final hue. This variation in the 
original tonality takes place when the added copper (Cu2+) 
forms a complex with the organic molecules (e.g. alizarin and 
purpurin when madder root dye is used) from the colorant 
used to dye the inorganic binder.30,31   
Table 2. Concentration of major (% weight), minor and trace 
elements (µg·g-1) on the inorganic binder of each lake pigment 
and % RSD (Relative Standard Deviation) (n=3) obtained by 
means of ICP-MS. 
Major elements (% weight) 
Elements 117323 117342 117365 % RSD 
Al 14.0 16.9 5.6 5 
Si 7.4 2.2 1.8 7 
Ca 39.8 2.3 6.5 17 
Na 5.0 0.4 1.2 6 
Minor and Trace elements (µg·g-1) 
Elements 117323 117342 117365 % RSD 
Mg 16358 9193 2038 6 
K 14172 5153 4000 6 
Fe 7970 1556 2771 3 
Zn 2528 304 854 10 
As 1948 1411 97 11 
Cu 1228 12937 7736 18 
Pb 987 2083 1466 2 
Sr 874 357 196 3 
Mn 401 399 227 6 
V 369 78 64 5 
Ba 312 152 54 1 
Ti 270 76 123 8 
Cr 150 34 42 3 
Hg 129 52 27 3 
Ni 112 43 19 4 
Sn 58 6 42 4 
Li 34 4 5 1 
Co 13 12 4 5 
W 10 8 3 4 
Ag 9 2 3 1 
Cd 8 1 1 10 
Sb 3 37 3 2 
Tl 0.05 0.1 0.04 10 
It is necessary to remark the unexpected high concentration 
of Pb in the three lake pigments, especially in the pink lake 
pigment 117342 and in the purple lake pigment 117365. Con-
centration values close to or higher than 1000 µg·g-1 cannot be 
attributed to a natural background of a clay or soil, which are 
the most plausible components used as inorganic binder in 
these lake pigments. Additionally, as it is going to be de-
scribed in the section related with molecular analyses, it was 
not possible to detect any compound related with lead in the 
lake pigments (e.g. lead white or (PbCO3)2·Pb(OH)2). Thus, it 
could be assumed that the Pb present in these lake pigments 
could have an anthropogenic origin. 
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To confirm this hypothesis, a Pb isotopic ratio analysis was 
conducted. Among all of the naturally occurring lead isotopes 
only 204Pb is non-radiogenic, whereas 206Pb, 207Pb and 208Pb are 
daughter products from the radioactive decay of 238U, 235U and 
232Th, respectively. This fact produces small Pb isotope abun-
dance variations in nature. Furthermore, it is well known that 
the isotopic composition of Pb in natural materials is clearly 
dependent on the ore deposits from which it comes, thus lead 
isotopic ratio can provide analytical information about sources 
of lead contamination.32 As far as we know, the 206Pb/207Pb 
isotopic ratio for the volcanic materials is around 1.21-1.22.33 
Moreover, in a previous work, the characterization of in-depth 
soil from the Campania region, where the ancient city of Pom-
peii is located, set a 206Pb/207Pb isotopic ratio around 1.21.34 
The 206Pb/207Pb isotopic ratio determined in the pink lake 
pigment 117323 and purple lake pigment 117365 was 1.183 
and the one for the pink lake pigment 117342 was 1.193. The 
lower isotopic ratios obtained could suggest an anthropogenic 
source of lead in these lake pigments.34
Lead pipes were commonly employed in the ancient city of 
Pompeii. According to the literature, the use of these kinds of 
pipes promoted the possible poisoning of the drinking water 
from Pompeii.32 In recent excavations, these kinds of pipes 
came to light. It is also well referenced that the archaeological 
soil from ancient Roman cities was rich in Pb, reaching con-
centrations of 1000 µg·g-1.35 Probably this high concentration 
could be explained due to the leaching process from the lead 
pipes of the ancient Roman cities water system. It is also re-
ported, that the 206Pb/207Pb isotopic ratio of the lead pipes from 
Pompeii is 1.18.36 This value is very close to those determined 
for the Pompeian lake pigments under study. Therefore, it 
could be suggested that the possible aluminosilicate clay used 
as inorganic binder have a notable concentration of Pb due to 
the Pb leaching from the surrounding lead pipes. 
Molecular analysis of the lake pigments in the laborato-
ry. To determine the molecular composition of the inorganic 
matrix of the Pompeian pink and purple lake pigments, micro-
Raman measurements were performed directly on all the sam-
ples. The first attempt at studying the lake pigments failed 
because of the strong fluorescence that occurred during the 
acquisition, especially when analyzing the pink lake pigments 
with the 785 nm laser (see Figure S-2). In order to determine 
the mineralogical composition of the blue crystals present in 
the purple lake pigment 117365 direct Raman measurements 
were performed on isolated blue crystals. Due to the high 
fluorescence provided by the inorganic binder, the Raman 
spectra were acquired in two spectral ranges. The best spectral 
results were acquired using the  532 nm excitation laser, ob-
taining Raman bands related with Pompeian blue at 357, 431, 
462, 571, 967, 990, 1012 and 1085 cm-1 (see Figure S-3). 
Therefore, Raman results were consistent with the previously 
obtained elemental results.  
In order to go deeper in the molecular characterization of 
the inorganic binder, XRD analyses were also performed. The 
obtained diffractograms for some of the lake pigments under 
study showed the typical pattern of an amorphous matrix (see 
Figure S-3). In the pink lake pigment 117323, possible traces 
of kaolinite (Al2Si2O5(OH)4) were observed. For the purple 
lake pigment 117365, apart from quartz, the presence of Pom-
peian blue was also determined (see Figure S-4) agreeing with 
the Raman and elemental results. 
To complete the molecular characterization of the inorganic 
matrix of the lake pigments under study, additional infrared 
analyses were performed in ATR mode. Figure 4A shows a 
representative and repetitive infrared spectrum obtained in all 
the lake pigments. The infrared bands of the spectrum from 
the pink lake pigments can be related with poorly crystalline 
aluminosilicate clays. This kind of mineral matrix usually 
provides a high fluorescence in Raman spectroscopy being its 
identification quite difficult, if not impossible as already men-
tioned at the beginning of this section. The broad band around 
3360 cm-1 can be assigned to the stretching vibrations of hy-
droxyl groups and adsorbed H2O. The bands of medium inten-
sity (1633, 1576, and 1427 cm-1) can be related to the H-O-H 
deformation vibrations of adsorbed H2O. Particularly, the band 
centered at 1633 cm-1 could be associated with O-H defor-
mation vibration of water in silicate clays.37 The strong band at 
998 cm-1 can be related with the Si-O-Si stretching vibrations. 
Considering that with the ATR measurements information can 
be lost in the 750-400 cm-1 spectral range, additional analyses 
in FTIR mode of the lake pigments prepared as pellets were 
conducted (see Figure 4B). The FTIR spectrum obtained for 
both pink lake pigments is very similar to the one obtained 
using the ATR mode, although in the FTIR spectrum addition-
al infrared bands at 575 and 448 cm-1 can be observed. These 
bands are also related with amorphous to poorly crystalline 
aluminosilicate clay mineraloids. Actually, the detected bands 
between 4000-750 cm-1 and the two additional bands at lower 
wavenumber can be related with allophane (Al2O3·(SiO2)1.3-
2·(2.5-3)H2O) or imogolite (Al2SiO3(OH)4).
38 Both clays can
occur in soils formed from volcanic ash and they can be rapid-
ly originated by weathering or hydrothermal alteration of 
volcanic materials under neutral to slightly acidic conditions. 
Taking into account that the Pompeian soil has volcanic 
origin, geological deposits of allophane and/or imogolite 
would have been potentially available to painters in this re-
gion, so that we must consider the hypothesis of a local origin 
for the inorganic binder used to elaborate the lake pigments. 
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 Figure 4. (A) Representative and repetitive ATR spectrum of 
the pink lake pigments under study and (B) Representative and 
repetitive FTIR spectrum of the pink lake pigments under study.  
The infrared bands at 575 cm-1 and 1028 cm-1 in the FTIR 
spectrum (998 cm-1 in ATR spectrum) can be used as markers 
to distinguish among these two mineral phases. Imogolite 
generally has sharper bands than those from allophane, and it 
also has characteristic doublets of the bands around 1000 and 
575 cm-1.39 All the infrared spectra acquired in both pink lake 
pigments have broad bands without splitting, therefore, it can 
be pointed out that the main amorphous to poorly crystalline 
aluminosilicate clay is the allophane. 
The obtained FTIR spectrum for the Pompeian purple lake 
pigment was slightly different, especially in the spectral region 
of 1000-400 cm-1 (see Figure S-5). The results confirm the 
presence of Pompeian blue, already identified by micro-
Raman spectroscopy and XRD carried out in the blue colored 
grains contained within the purple lake pigment. Apart from 
Pompeian blue, in the FTIR spectrum of the purple lake pig-
ment (see Figure S-5), infrared bands related with clays were 
also present (e.g. 1011, 754 and 661 cm-1). In this case it was 
not possible to identify the presence of the infrared band at 
575 cm-1, thus it was not possible to determine exactly the 
composition of the clay used as inorganic binder. Instead, 
infrared bands related with deformation vibrations of Al-O-Si 
bonds were identified (754 and 661 cm-1, among others) which 
only allowed to confirm that the inorganic fraction composing 
the lake pigment is indeed an aluminosilicate clay.  
CONCLUSIONS 
In this work a multi-analytical approach mainly based on 
the use of non-invasive spectroscopic techniques, but also on 
the additional use of a destructive technique (ICP-MS), has 
been successfully applied to characterize the mordant used to 
manufacture two Pompeian pink (117323 and 117342) and 
one purple (117365) lake pigments recovered from the excava-
tion of the archaeological site of Pompeii and preserved in the 
Naples National Archaeological Museum (Italy).  
The combination of elemental and molecular spectroscopic 
techniques has proved to be crucial for the proper characteri-
zation of the inorganic materials used to elaborate these lake 
pigments. We demonstrated that the results obtained from the 
handheld ED-XRF spectrometer are comparable to those ob-
tained from the benchtop ED-XRF configuration. This issue 
could be of great importance when the possibility of extracting 
micro-samples of archaeological remains is not allowed. 
SEM-EDS proved to be very useful for the determination of 
elements with an atomic number lower or equal than 12 such 
as F, Na, and Mg, although it failed on the detection of heavier 
elements such as Pb. In this sense, the supplementary use of 
ED-XRF and ICP-MS elemental techniques, which offer a 
lower limit of detection for heavier elements, was very help-
ful. 
The employment of the 785 nm laser for the micro-Raman 
analyses proved to be completely useless when analyzing both 
types of pigment due to the high fluorescence that overlapped 
with the bands of any mineral present in the samples. Luckily, 
thanks to the use of the 532 nm laser, we were able to distin-
guish some Raman bands related with Pompeian blue in blue 
colored grains composing the purple lake pigment. 
XRD and infrared spectroscopy in ATR mode were very 
helpful to characterize the mineralogical phase composing the 
inorganic binder, although it is worth mentioning that the 
additional analyses in FTIR mode allowed not only to identify 
the presence of allophane but also to confirm the presence of 
Pompeian blue in the purple lake pigment.  
Regarding the chemical-mineralogical characterization of 
the inorganic binder used to manufacture the Pompeian pink 
and purple lake pigments, we determined that an amorphous to 
poorly crystalline aluminosilicate clay mineraloid was em-
ployed.  
The presence of F, Na, and Mg could be attributed to the in-
fluence of the marine aerosol, although it could also originated 
from the inorganic binder used on the elaboration of the lake 
pigments, or be part of the sediments covering the raw lake 
pigments bowls.  
 It is noteworthy to highlight the unexpected significant 
presence of Pb in the three lake pigments. The concentration 
of this element, clearly exceeding the proportions of the trace 
level, is likely to be related with an anthropogenic origin ra-
ther than to a natural origin. After the isotopic ratio analysis of 
this element, we suggest that the presence of this metal may be 
due to the leaching of the Pompeian ancient lead pipes and a 
subsequent Pb enrichment of the clays used to create the lake 
pigments. This hypothesis is supported by the fact that some 
amorphous to poorly crystalline aluminosilicates from volcan-
ic soils have a great capacity to absorb metals such as Cu, Zn, 
Ni, Cd and Pb.40 In this sense, taking into account that the 
bowls containing the three lake pigments under study were 
buried during more or less 2000 years, the continuous leaching 
of Pb to the surrounding soils could also contribute to increase 
this metal concentration in the pigments. The same could 
happen for the case of Cu; apart from an intentionally addition 
of copper salts by manufacturers, this kind of clay used as 
inorganic binder could absorb it from the soil (apart from Pb), 
explaining in this way its higher concentrations found in the 
pigments. 
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